Background: Adiponectin has vascular and metabolic protective actions; however, its in vivo receptor-mediated signaling pathways are incompletely understood. Results: Adiponectin receptor 1 (AdipoR1)-deficiency exacerbates diet-induced metabolic dysfunction, and AdipoR2 deficiency results in impaired revascularization. . 3 The abbreviations used are: TZD, thiazolidinedione; AdipoR1 and AdipoR2, adiponectin receptor 1 and 2, respectively; UCP1, uncoupling protein 1; NDUFA1, NADH dehydrogenase [ubiquinone] 1␣ subcomplex subunit 1.
Adiponectin is a well described anti-inflammatory adipokine that is highly abundant in serum. Previous reports have found that adiponectin deficiency promotes cardiovascular and metabolic dysfunction in murine models, whereas its overexpression is protective. Two candidate adiponectin receptors, AdipoR1 and AdipoR2, are uncharacterized with regard to cardiovascular tissue homeostasis, and their in vivo metabolic functions remain controversial. Here we subjected AdipoR1-and AdipoR2-deficient mice to chronic hind limb ischemic surgery. Blood flow recovery in AdipoR1-deficient mice was similar to wild-type; however, revascularization in AdipoR2-deficient mice was severely attenuated. Treatment with adiponectin enhanced the recovery of wild-type mice but failed to rescue the impairment observed in AdipoR2-deficient mice. In view of this divergent receptor function in the hind limb ischemia model, AdipoR1and AdipoR2-deficient mice were also evaluated in a model of diet-induced obesity. Strikingly, AdipoR1-deficient mice developed severe metabolic dysfunction compared with wild type, whereas AdipoR2-deficient mice were protected from diet-induced weight gain and metabolic perturbations. These data show that AdipoR2, but not AdipoR1, is functionally important in an in vivo model of ischemia-induced revascularization and that its expression is essential for the revascularization actions of adiponectin. These data also show that, in contrast to revascularization responses, AdipoR1, but not AdipoR2 deficiency, leads to diet-induced metabolic dysfunction, revealing that these receptors have highly divergent roles in vascular and metabolic homeostasis.
Factors secreted from adipose tissue, termed adipokines, can directly and indirectly affect vascular function and metabolic disease (1) . Most adipokines are proinflammatory, and their up-regulation under conditions of obesity contributes to the development of a chronic inflammatory state. In contrast, adiponectin is an adipokine with anti-inflammatory and insulinsensitizing properties (2) . Clinically, circulating levels of adiponectin are reduced in obesity and type II diabetes, whereas weight loss elevates serum adiponectin (3) . Adiponectin deficiency in mice is reported to exacerbate metabolic dysfunction under conditions of diet-induced obesity in some (4 -6) but not all studies (7) . Conversely, the overexpression of adiponectin alleviates metabolic dysfunction independent of weight loss in both genetic and diet-induced models of obesity (8, 9) . Thiazolidinediones (TZDs), 3 peroxisome proliferator-activated receptor ␥ activators, elevate circulating adiponectin levels in animal models as well as the patient population (6, 10) . Furthermore, the beneficial metabolic actions of TZDs appear to be dependent on expression of adiponectin because these drugs have been shown to be ineffective in normalizing blood glucose levels in ob/ob mice that are also deficient for adiponectin (6) .
Candidate adiponectin receptors, AdipoR1 and AdipoR2, were initially identified by expression cloning and reported to mediate the insulin-sensitizing actions of adiponectin (11) . These proteins are predicted to have seven transmembrane domains with the opposite topology of G protein-coupled receptors. Both AdipoR1 and AdipoR2 are reported to be ubiquitously expressed with the highest expression in skeletal muscle and liver, respectively (11) . Although there are many studies on AdipoR1 and AdipoR2 function and regulation in cell culture models (for example, see Refs. [12] [13] [14] [15] [16] [17] , relatively few studies have explored their roles in mouse genetic models. Yamauchi et al. (18) reported that deficiency of AdipoR1, AdipoR2, or both adiponectin receptors resulted in glucose intolerance in a mouse model of diet-induced obesity. It has also been reported that both whole body and muscle-specific AdipoR1-KO mice display metabolic dysfunction (19) . Consistent with these observations, AdipoR1 overexpression in rat skeletal muscle ameliorates insulin resistance and promotes glucose uptake (20) , and overexpression of AdipoR1 in murine macrophages attenuates weight gain and improves glucose metabolism models of metabolic dysfunction (21) . However, controversy about the metabolic functions of AdipoR1 and AdipoR2 also exists. Bjursell et al. (22) independently constructed AdipoR1 and AdipoR2 gene knock-out mice and reported that they display opposing effects on glucose metabolism. In this study, AdipoR1-KO mice showed increased adiposity and decreased glucose clearance, whereas AdipoR2-KO mice were lean and displayed improved glucose clearance. Furthermore, a third strain of AdipoR2-KO mouse was constructed by Liu et al. (23) , who reported biphasic effects of a high fat diet. In this study AdipoR2-KO mice were initially resistant to metabolic dysfunction, but glucose homeostasis deteriorated as the high fat feeding was continued.
In addition to its metabolic role, adiponectin has been shown to be associated with various clinical cardiovascular disorders including myocardial infarction (24) , peripheral artery disease (25) , and endothelial dysfunction (26) . Because low levels of adiponectin are found in individuals that are prone to vascular diseases, the association between obesity and vascular disease could be partly attributed to hypoadiponectinemia. Consistent with these findings, our laboratory has previously identified adiponectin as a cardiovascular-protective factor in mouse models of myocardial infarction (27) and cardiac hypertrophy (28) under dietary conditions where systemic metabolic properties are normal. Adiponectin also has the property of promoting angiogenesis in the ischemic tissue in mouse models of peripheral artery disease (17, 29 -31) . In this model adiponectin-deficient mice have impaired revascularization compared with wild-type mice, whereas the addition of exogenous adiponectin rescues the impairment in adiponectin-deficient mice and enhances the angiogenic response in wild-type mice. Adiponectin has also been shown to be protective in a model of retinal neovascularization (32, 33) . The ability of adiponectin to promote revascularization and angiogenesis in these models may be due in part to its ability to stimulate protective signaling pathways within vascular endothelial cells and promote endothelial progenitor cell mobilization (for example, see Refs. 34 -36) . Furthermore, TZDs upregulate adiponectin expression, and this is one mechanism for their vascular-protective actions in mice (33, 37, 38) .
Although the cardiovascular-protective activities of adiponectin are well documented, the roles of AdipoR1 and AdipoR2 have never been evaluated in an in vivo angiogenesis model using strains of mice that are genetically engineered to be void of these receptors. In contrast, in vitro studies with cultured endothelial cells have reported that both AdipoR1 and AdipoR2 are expressed by endothelial cells and that both are required to mediate various actions of adiponectin (for example, see Refs. 13, 14, and 17) . Thus, the aim of this study was to determine if expression of AdipoR1 or AdipoR2 is required for the revascularizing actions of adiponectin in a model of periph-eral artery disease. First, we subjected AdipoR1-KO mice, AdipoR2-KO mice, and wild-type littermate controls to hind limb ischemia to determine if the candidate adiponectin receptor-KO mice have a similar impairment in blood flow recovery as reported for adiponectin-deficient mice. We also tested whether the administration of exogenous adiponectin could rescue any impaired revascularization in adiponectin receptordeficient mice. Finally, using the same mouse strains employed for the vascular measurements, we analyzed the respective roles of AdipoR1 and AdipoR2 in metabolic dysfunction.
EXPERIMENTAL PROCEDURES
Mice-AdipoR1-KO and AdipoR2-KO mice (C57BL/6 background) were originally created by Deltagen and ordered from Mutant Mouse Regional Resource Centers (MMRRC) and The Jackson Laboratory (#005775), respectively. Mice were maintained as heterozygous breeding pairs, and wild-type littermates were used as controls. The Institutional Animal Care and Use Committees of Boston University approved all study procedures. Mice were maintained in a 12-h light/dark schedule and given chow diet (Teklad Global 18% protein rodent diet, #2018) or high fat/high sucrose diet (Bioserv #1850) and water ad libitum. The composition of the high fat/high sucrose diet is as follows: 36.0% fat (primarily lard), 36.2% carbohydrates (primarily sucrose), and 20.5% protein.
Hind Limb Ischemia Model-Blood flow was unilaterally restricted in the femoral artery of 9 -11-week-old male mice. AdipoR1-KO, AdipoR2-KO, or wild-type mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). Under sterile conditions, an incision was made in the upper thigh. Proximal to the body cavity, the femoral artery, vein, and nerve were ligated using 6-0 silk suture, downstream collaterals were severed, and a segment of the ligated vessel was excised. Surgical clips closed the incision site and were removed 14 days after the procedure. Doppler perfusion imaging was used to assess blood flow in both limbs before surgery, immediately after surgery, and at days 3, 7, 14, 21, and 28 post-surgery. Data are presented as a ratio of blood flow in the ischemic limb to the non-ischemic limb to control for variations in room and body temperature.
Score-based Assessment of Limb Function-At the time of laser Doppler measurement (post-surgical day 3), limb coloring and function were assessed by a modified version of a clinical scoring system described previously (39) . A score of 0 -4 was assigned to each mouse based on characteristics of the feet (0, normal function and coloring; 1, normal function and mild discoloration; 2, normal function and moderate discoloration; 3, impaired function and moderate discoloration; 4, impaired function and necrosis).
Histology-Gastrocnemius muscles were harvested, weighed, and embedded in OCT compound. Sections (5 m) were generated from the muscle tissue. Hematoxylin and eosin were used to stain the tissue using standard methods after fixing in cold acetone for 10 min. Using ImageJ software, area of viable myofibers was calculated and expressed as a percentage of the total high powered field area. Immediately after sacrifice, liver and adipose tissue were incubated in 10% formalin overnight. Samples were dehydrated in a series of ethanol washes, treated with xylene, and embedded in paraffin. Sections were cut at 7 m, deparaffinized, and then stained with hematoxylin and eosin. To assess capillary density, frozen gastrocnemius muscle sections were prepared and sectioned as described above. Frozen sections were incubated with CD31 primary antibody (PECAM-1, BD Biosciences) at a 1:50 dilution overnight at 4°C. Secondary FITC-conjugated antibody was added for 1 h at room temperature. Fluorescent microscope images were randomly taken of three high power fields per genotype. Capillary density was expressed as average number of capillaries per field.
Hydrodynamic Plasmid Delivery-In adiponectin restoration of function experiments, wild-type or AdipoR2-KO mice received a hydrodynamic injection of pLEV113-mADIPO-hFc fusion construct (adiponectin plasmid) or pLEV113-MCS (control plasmid, LakePharma) 1 week before hind limb ischemia surgery. Briefly, a saline solution (0.9% sodium chloride) equal to 10% of the mouse's body weight and containing 24 g of adiponectin or control plasmid was injected into the tail vein of restrained, unanesthetized mice in 5-8 s as described previously (40, 41) . Mice were allowed to recover for 1 week. At the time of surgery, a small amount of blood was harvested by tail vein bleed. Serum was isolated after centrifugation at 7000 rpm. ELISA (B-Bridge) was used to assess serum concentrations of adiponectin according to manufacturer's instructions.
Western Blotting-Blood was collected from AdipoR2-KO mice and wild-type littermates 1 week after hydrodynamic delivery of control or adiponectin plasmid. Serum was resolved by SDS-PAGE and transferred to a PVDF membrane. Membranes were blocked with 5% nonfat milk in PBS ϩ 0.1% Tween for 1 h at room temperature. Primary antibody (adiponectin, R&D Systems, 1:1000) was added to the membrane overnight at 4°C in blocking buffer. The membrane was then incubated with secondary HRP-conjugated antibody (1:5000) for 1 h at room temperature and developed using ECL Prime (GE Healthcare).
Real-time Quantitative PCR-Male C57BL/6J mice (The Jackson Laboratory) were fed a normal chow or a high fat/high sucrose diet for 12 weeks starting at 8 weeks of age. At the time of sacrifice, tissues were harvested and stored in RNA stabilization reagents RNAlater (Ambion) or Allprotect Tissue Reagent (Qiagen). RNA from hind limb and metabolic experiments was isolated using RNeasy Fibrous Tissue Mini kit, RNeasy Mini kit, or RNeasy Lipid Tissue Mini kit (Qiagen). cDNA synthesis was performed using the High-capacity cDNA Reverse Transcription kit (Applied Biosystems) in a final volume of 20 l according to the manufacturer's instructions. Gene expression was assessed by real-time PCR using an ABI ViiA7 detection system (Applied Biosystems) and TaqMan technology. Relative mRNA expression was determined using TaqMan Master Mix reagent (Applied Biosystems) and the following primer/probe sets: GAPDH (Mm00484668_m1); Adipor1 (Mm01291334_mH), Adipor2 (Mm01184032_m1); T-cadherin (Cdh13) (Mm00490584_ m1). Expression was normalized to GAPDH, and relative levels were calculated using the 2 Ϫ⌬⌬Ct method.
Metabolic Model and Assessment-Wild-type, AdipoR1-KO, and AdipoR2-KO female mice were fed a high fat/high sucrose diet starting at 9 -11 weeks old and continuing for a total of 16 weeks. Mice were fasted overnight before sacrifice. Glucose and insulin tolerance tests were performed at 4, 8, and 12 weeks after the initiation of high fat/high sucrose diet feeding. For the glucose tolerance test, mice were fasted for 16 h, and base-line blood glucose was measured by the Accu-Chek Aviva system. Glucose was administered by intraperitoneal injection (1 g of glucose/kg of body weight). Blood glucose was measured at the following time points: 15, 30, 60, 90, and 120 min after glucose injection. Mice were fasted for 6 h before the start of the insulin tolerance test. An intraperitoneal injection of insulin (0.6 units of insulin/kg body weight) was administered after measurement of baseline blood glucose levels. Glucose measurements were taken at 15, 30, and 60 min post-injection. Serum insulin and leptin levels were measured by ELISA (Crystal Chem, Inc. and R&D Systems, respectively).
Statistical Analysis-Data are presented as the mean Ϯ S.E. Using GraphPad Prism software, data were analyzed using Student's t test or analysis of variance with Bonferroni post-hoc tests as appropriate. In time course experiments a two-way repeated measures analysis of variance was performed. A p value of less than 0.05 was considered statistically significant.
RESULTS

Differential Effects of AdipoR1 and AdipoR2 Deficiency on
Limb Reperfusion-It has been previously reported that adiponectin-deficient mice display impaired revascularization in a model of chronic hind limb ischemia (17, 29 -31) . To identify a functional receptor for adiponectin in the vasculature, unilateral hind limb ischemia surgery was performed on mice deficient in AdipoR1 or AdipoR2 and their wild-type littermates. AdipoR1-KO mice recovered limb perfusion at a similar rate as wild-type mice (Fig. 1A ). After 28 days both wild-type and AdipoR1-KO mice had recovered 70 -75% of blood flow in their ischemic limbs (Fig. 1B) . In contrast, AdipoR2-KO mice had notably delayed recovery, and flow improvement was not detectable until 14 days after induction of ischemia. Limb retraction and atrophy in AdipoR2-KO mice are visible in the laser Doppler image (Day 14, Fig. 1A ). Because of the severe limb necrosis observed, ϳ30% of the AdipoR2-KO mice were euthanized by day 14 post-surgery per veterinarian recommendations. The surviving AdipoR2-deficient mice displayed significantly impaired blood flow recovery compared with their littermate controls (Fig. 1C) .
AdipoR2-deficient Mice Exhibit Limb Necrosis and Impaired Function-In wild-type and AdipoR1-deficient mice, toe necrosis is rare, and limb function appears to normalize 3-7 days after limb ischemia surgery. In contrast, the necrosis observed in AdipoR2-KO mice can extend past the toe nail and throughout the toes at 1 week post-surgery ( Fig. 2A) . In some AdipoR2-KO mice the foot completely necroses leading to auto-amputation. Marked necrosis and impaired limb function were found in AdipoR2-deficient but not in wild-type or AdipoR1-deficient mice. Evidence of toe necrosis was observed in Ͼ70% of AdipoR2-KO mice as early as 3 days after surgery ( Fig. 2B) .
A supplemental video provides a visual comparison of the ambulatory activity of wild-type and AdipoR2-KO mice 3 days after hind limb ischemia surgery. At this time point wild-type mice can utilize both their ischemic and non-ischemic limbs equally. It can be observed that wild-type mice are capable of lifting, applying weight, and pushing off of both their nonischemic and ischemic hind limbs. In marked contrast, AdipoR2-KO mice were consistently observed dragging their ischemic limb while walking. Unlike the AdipoR2-KO mice, no functional deficit was observed in the AdipoR1-KO mice relative to wild-type mice. A semi-quantitative scoring system was employed to evaluate limb condition. In this system, a higher score indicates more severe discoloration (necrosis) and loss of ischemic limb function, and the score is predictive of long term recovery after chronic hind limb ischemic injury (39) . Consistent with the laser Doppler imaging analysis, wild-type and AdipoR1-KO mice did not differ in their ischemia score 3 days post-surgery. In contrast, AdipoR2-deficient mice had a significantly higher score compared with wild-type controls (Fig. 2B) .
Gastrocnemius muscle was harvested from wild-type, AdipoR1-KO, and AdipoR2-KO mice 28 days after hind limb ischemia surgery to evaluate muscle weight and histological features. In the ischemic hind limbs of wild-type mice, it is typical to observe ischemic muscle swelling (day 3) followed by atrophy (day 7), and ultimately, recovery to 85-90% of the muscle mass in the non-ischemic limb by day 28 (data not shown). Although this trend was observed in AdipoR1-KO mice, muscle atrophy remained unresolved in AdipoR2-KO mice at 28 days post-surgery (Fig. 2C) . In wild-type mice, hematoxylin and eosin-stained gastrocnemius muscle sections display a centralized region of necrotic tissue surrounded by infiltrating inflammatory cells 3 days post-hind limb ischemia surgery. At days 7 and 14, angiogenesis and myocyte proliferation occur in the ischemic limb. Nascent myocytes, identified by their centralized nuclei, are abundant during this regenerative phase (data not shown). By day 28, necrosis is resolved, nascent myocytes are rare, and few inflammatory cells remain in wild-type skeletal muscle tissue. Immunohistochemical analysis revealed widespread, unresolved necrosis in AdipoR2-deficient skeletal muscle at day 28 (Fig. 2D ). Within the ischemic lesion, the area of skeletal muscle tissue containing viable myofibers was reduced by 50% compared with wild type. In contrast to wildtype tissue, the majority of myocytes present in AdipoR2-KO tissue at 28 days are nascent, identified by their centralized nuclei, indicating an ongoing regenerative response. Strikingly, AdipoR2-KO skeletal muscle has a significant amount of acellular area containing cell debris and residual inflammatory infiltrate.
Consistent with measures of impaired perfusion by laser Doppler imaging analysis, ischemic gastrocnemius muscle from AdipoR2-KO mice has a reduced capillary density (Fig.  2E ). The vessels present in the AdipoR2-KO tissue appear incompletely formed as evidenced by the irregular and elongated CD31 endothelial immunofluorescence. In contrast, vessels in the wild-type ischemic limb have a normal punctate CD31 staining pattern ( Fig. 2E ). Collectively, these data describe an attenuated blood vessel and skeletal muscle-regenerative response in AdipoR2-deficient mice in response to chronic ischemia.
AdipoR2 Is Necessary for the Revascularization Actions of Adiponectin-We previously reported that hydrodynamic delivery of adiponectin plasmid rescued the impairment in blood flow recovery observed in adiponectin-deficient mice subjected to hind limb ischemia (17) . Thus, to test for a functional ligand-receptor interaction between adiponectin and AdipoR2, we determined if treatment with exogenous adiponectin would rescue the impairment in blood flow recovery in AdipoR2-KO mice. In the current study we employed the hydrodynamic method to deliver a plasmid-encoding adiponectin or a control plasmid to wild-type and AdipoR2-KO mice 1 week before hind limb ischemia surgery. No significant difference was detected in baseline serum adiponectin between wild-type and AdipoR2-KO mice. Treatment with adiponectin plasmid increased circulating levels of adiponectin by 2-fold in both wild-type and AdipoR2-KO mice. Serum levels of the hexameric isoform were unchanged, whereas the high molecular weight isoform increased in both wild-type and AdipoR2-KO mice (Fig. 3A) . As anticipated, blood flow recovery was improved in adiponectin-treated wildtype mice compared with control-treated wild-type mice (Fig.  3B) . At 14 days post-surgery, the ischemic limb of controltreated wild-type mice showed 50% blood flow recovery compared with the non-ischemic limb. Adiponectin treatment accelerated this recovery to 70% blood flow relative to the control limb (Fig. 3C ). However, under conditions of AdipoR2 deficiency, adiponectin treatment did not promote limb reperfusion, and no difference in Doppler blood flow was observed between the ischemic limbs of control-and adiponectintreated AdipoR2-deficient mice (Fig. 3D) . Compared with the non-ischemic limb, Doppler blood flow in the ischemic limbs of AdipoR2-KO mice did not exceed 25% in either treatment group (Fig. 3D) . Because adiponectin has an inhibitory effect on TNF-␣, levels of this proinflammatory cytokine were measured in serum after hind limb ischemia surgery. Serum TNF-␣ levels were below the minimum detectable level of the kit in all wildtype samples tested. AdipoR2-KO mouse serum contained low levels of TNF-␣ that were not significantly different between control and adiponectin plasmid-treated AdipoR2-KO mice (data not shown). Taken together, these data show that expression of AdipoR2 is essential for adiponectin-mediated revascularization.
Tissue mRNA Expression Analysis of Candidate Adiponectin Receptors-A distribution analysis was performed for AdipoR1 and AdipoR2 mRNA expression in vascular and metabolically important mouse tissues. AdipoR1 is abundant in white adipose tissue and aorta (Fig. 4A ). AdipoR2 is most abundant in white and brown adipose tissue with relatively low transcript levels in cardiovascular tissues. This analysis was also performed on the adiponectin-binding protein, T-cadherin, that has recently been identified as essential for mediating the cardiac-protective and revascularization actions of adiponectin by localizing adiponectin to cardiovascular tissues (17, 42) . T-cadherin mRNA is abundant in the heart and aorta and comparatively low in metabolically active skeletal muscle and liver tissues (Fig. 4A) .
Expression of each candidate receptor was also analyzed after hind limb ischemia surgery ( Fig. 4B ) and high fat/high sucrose diet (Fig. 4C ) by real-time PCR. T-cadherin mRNA levels increased in ischemic muscle 3 days after hind limb ischemia surgery compared with expression in the non-ischemic muscle. A trend was observed for increased ischemic limb expression of AdipoR1 and AdipoR2 at day 3. T-cadherin mRNA levels remain elevated in the ischemic limb at 7 and 14 days postsurgery, whereas AdipoR1 and AdipoR2 levels return to base line at these time points. After 12 weeks of high fat/high sucrose diet, AdipoR2 levels were significantly increased in liver and decreased in white and brown adipose tissue. In contrast, no diet-induced changes in AdipoR1 or T-cadherin gene expression were observed. 
High Fat/High Sucrose Diet Induces Metabolic Dysfunction in
AdipoR1-deficient Mice-The importance of AdipoR1 and AdipoR2 in mediating the metabolic actions of adiponectin remains controversial (18, 22, 23) . Because we observed a divergent role for AdipoR1 and AdipoR2 in the vascular actions of adiponectin, the metabolic consequences of eliminating AdipoR1 or AdipoR2 were examined.
When fed a normal chow diet, AdipoR1-deficient mice had an increased body weight, whereas AdipoR2-deficient mice had a reduced body weight compared with wild-type littermates at 9 -11 weeks old. Importantly, no differences in glucose tolerance or insulin sensitivity were detected among the different experimental groups at base line (data not shown).
AdipoR1-KO and wild-type littermate controls were fed a high fat/high sucrose diet for 16 weeks starting at 9 -11 weeks of age. After only 4 weeks of high fat/high sucrose diet, AdipoR1-KO mice exhibited significantly elevated body weight compared with wild-type littermate controls. After acute administration of glucose, wild-type mice cleared glucose more efficiently than AdipoR1-KO mice (data not shown). The increased body weight and impaired glucose tolerance observed in AdipoR1-KO mice persisted and became greater after 8 weeks (data not shown) and 12 weeks on the diet (Fig. 5, A and B) . After injection of insulin, the effect on blood glucose levels was initially similar between groups. However, after 12 weeks of high fat/high sucrose diet, AdipoR1-KO mice JUNE 6, 2014 • VOLUME 289 • NUMBER 23 displayed impaired sensitivity to insulin compared with wildtype mice (Fig. 5C ).
Divergent Roles for AdipoR1 and AdipoR2
Metabolic tissues were harvested and weighed at the time of sacrifice. AdipoR1-deficient mice had increased reproductive white adipose tissue, interscapular brown adipose tissue, and liver weights compared with wild-type littermates (Fig. 5D ). Gastrocnemius muscle weight was comparable between groups (data not shown). Lipid droplets were more abundant in hematoxylin and eosin-stained liver sections of AdipoR1-deficient mice (Fig. 5E ). After tissue digestion, liver extracts from AdipoR1-KO mice have a higher concentration of triglycerides (Fig. 5D ). The observed increases in liver weight and lipid accumulation in AdipoR1-KO mice indicate development of hepatic steatosis. In hematoxylin and eosin-stained sections from AdipoR1-KO mice, adipocytes in white adipose tissue have a larger diameter, and lipid droplets are more abundant in brown adipose tissue (Fig. 5E ). However, mRNA expression of genes important for mitochondrial function, uncoupling protein 1 (UCP1) and NADH dehydrogenase [ubiquinone] 1␣ subcomplex subunit 1 (NDUFA1), was not different in brown adipose tissue between genotypes (Fig. 5D ). In the serum, AdipoR1-deficient mice have elevated insulin, leptin, and TNF-␣ levels (Fig. 5, F-H) , which are also indicative of metabolic dysfunction. In summary, AdipoR1-KO mice are more susceptible to diet-induced obesity complications including expansion of adipose depots, glucose intolerance, insulin resistance, and fatty liver.
AdipoR2-deficient Mice Are Protected from Diet-induced Weight Gain and Metabolic Dysfunction-In contrast to AdipoR1-KO mice, AdipoR2-KO mice were resistant to high fat/high sucrose diet-induced weight gain after 4 and 8 weeks on diet. Glucose tolerance and insulin tolerance test performance did not differ between AdipoR2-KO mice and wild-type littermate controls at these early time points (data not shown). AdipoR2-KO mice maintained a significantly lower body weight than wild-type mice after 12 weeks of diet ( Fig. 6A ). At this point, peripheral tissues in AdipoR2-deficient mice had a significantly improved ability to clear of blood glucose compared with wild-type mice (Fig. 6B ). In addition, tissue responsiveness to insulin in AdipoR2-KO mice was superior to that of wild-type mice (Fig. 6C ). Consistent with these data, weights of reproductive white adipose tissue, interscapular brown adipose tissue, and liver tissue were significantly less than littermate controls (Fig. 6D ). Lipid accumulation, as measured by liver triglyceride levels, was not significantly different between AdipoR2-KO and wild-type mice (Fig. 6D ). However, adipocyte size in reproductive adipose tissue is slightly smaller, and the frequency of lipid droplets is reduced in brown adipose tissue (Fig. 6E ). Transcript levels of UCP1 and NDUFA1 were elevated in AdipoR2-KO brown adipose tissue compared with wild-type littermate controls (Fig. 6D ). In the serum AdipoR2-deficient mice have lower levels of insulin, leptin, and TNF-␣ compared with wild-type mice (Fig. 6, F-H) , highlighting their preserved metabolic function. Collectively, these data reveal highly divergent metabolic roles for AdipoR1 and AdipoR2, with AdipoR2deficient mice displaying improved parameters after exposure to high fat/high sucrose diet including enhanced glucose toler-ance and insulin sensitivity and resistance to weight gain compared with wild-type littermate controls.
DISCUSSION
We previously reported that mice lacking adiponectin display impaired revascularization in a model of peripheral artery disease (17, 29 -31) . In the present study we provide the first evidence for the roles of the candidate adiponectin receptors AdipoR1 and AdipoR2 in mediating the revascularizationstimulatory actions of adiponectin in a murine model of peripheral artery disease. In this surgical model of chronic hind limb ischemia, AdipoR1 deficiency had no detectable effect on the blood flow recovery response compared with wild-type, littermate control mice. In striking contrast, AdipoR2-KO mice displayed a marked impairment in revascularization after hind limb ischemia surgery as measured by laser Doppler perfusion imaging and skeletal muscle capillary density. The hemodynamic deficit was so severe that the AdipoR2-KO mice developed necrosis and a loss of limb function. Administration of exogenous adiponectin significantly improved blood flow recovery in wild-type mice but failed to rescue the impaired phenotype of AdipoR2-KO mice. Taken together, these mouse genetic data indicate that expression of AdipoR2, but not AdipoR1, is essential for the revascularization actions of adiponectin.
A functional divergence between AdipoR1 and AdipoR2 was also observed in a model of diet-induced obesity. Mice fed a high fat/high sucrose diet for 12 weeks develop metabolic dysfunction, and in the context of this model, AdipoR1 deficiency led to more severe metabolic dysfunction. AdipoR1-KO mice had greater body weight and fat mass, hepatic steatosis, impaired glucose disposal, and elevations in serum insulin and leptin. Because AdipoR1 deficiency had no detectable impact in the hind limb ischemia model of revascularization as assessed by multiple anatomical and functional measures, these data document that murine AdipoR1 and AdipoR2 have exclusive roles in controlling metabolic and vascular function, respectively. Furthermore, in contrast to AdipoR1 deficiency, AdipoR2 deficiency was protective in the model of diet-induced obesity. Although AdipoR2-deficient mice displayed a severe regenerative deficiency in the revascularization model, they were protected against metabolic dysfunction in the obesity model. Collectively, these markedly divergent phenotypes document that AdipoR1 and AdipoR2 have functionally distinct roles in cardiovascular and metabolic disease models.
Despite numerous reports on the actions of adiponectin in model systems, relatively few studies have employed mouse genetic methods to study the roles of the AdipoR1/AdipoR2 receptors. To date, no mouse genetic studies have examined the roles of AdipoR1/AdipoR2 in ischemic cardiovascular models. However, a limited number of studies have examined metabolic function in AdipoR1-and AdipoR2-deficient mice. Bjursell et al. (22) observed that AdipoR1-KO mice exhibited increased body weight and glucose intolerance, whereas AdipoR2-KO mice were resistant to diet-induced weight gain and displayed improved glucose tolerance compared with wild-type controls. These findings mirror the metabolic data that are reported here. Also, consistent with the results presented here, Liu et al. (23) have reported that AdipoR2-KO mice are resistant to weight gain and glucose and insulin intolerance after 8 weeks of high fat diet feeding (AdipoR1-KO mice were not examined). In contrast to the metabolic phenotypes reported here and by others (22, 23) , Yamauchi et al. (18) reported that either AdipoR1deficient or AdipoR2-deficient mice developed glucose intolerance in the absence of changes in body weight. Similarly, a separate study found that adenoviral overexpression of either AdipoR1 or AdipoR2 improves insulin sensitivity in mice fed a high fat diet (43) . The reasons for these discrepant results on AdipoR1/AdipoR2 deficiency in metabolic dysfunction are unknown. Theoretically, these differences could be due to variations in mouse models, mouse gender, and testing conditions among the laboratories (discussed in Ye and Scherer (44)).
Although no studies have examined the revascularization properties of AdipoR1 and AdipoR2 in vivo, numerous in vitro experiments have examined the roles of these receptors on angiogenic-like activities in cultured endothelial cells. For example, a dual siRNA knockdown of both AdipoR1 and AdipoR2 attenuates adiponectin-induced endothelial nitricoxide synthase phosphorylation in human umbilical vein endothelial cells (13) . In a similar study siRNA knockdown of AdipoR1 but not AdipoR2 was found to attenuate the activating phosphorylation of AMP-activated protein kinase after adiponectin treatment (30) . In addition, we and others have found that reduced expression of either AdipoR1 or AdipoR2 inhibits adiponectin-mediated endothelial cell migration and proliferation (17) , surrogate measures of angiogenesis. Of course, other cell types participate in limb regenerative response to ischemia. In this regard, adiponectin actions on progenitor cells (36), vascular smooth muscle cells (45) , macrophages (46) , and skeletal muscle (47) have all been described, but the relative roles of AdipoR1 versus AdipoR2 have generally not been defined in these systems. Thus, further studies involving the targeted ablation of AdipoR1 and AdipoR2 in various cardiovascular (and metabolic) cell types will ultimately be required to better define the divergent actions of AdipoR1 and AdipoR2 within the model organism.
Various mechanistic possibilities exist that could explain the divergent actions of AdipoR1 and AdipoR2. We examined differences in tissue mRNA expression of these widely expressed and structurally similar membrane proteins. Although AdipoR1 has important metabolic actions, its expression tends to be highest in cardiovascular tissues such as aorta and heart. AdipoR2 expression is high in liver and adipose depots despite having important vascular roles. Thus, the expression data is opposite of what may be expected based on the relative functional importance of each receptor. A second possibility for the divergent actions of AdipoR1 and AdipoR2 could be differences in intracellular signaling. Yamauchi et al. (18) reported that in terms of metabolic function AdipoR1 signals through AMP-activated protein kinase, whereas peroxisome proliferator-activated receptor-␣ is important for AdipoR2 signaling. However, both AMP-activated protein kinase and peroxisome proliferator-activated receptor-␣ also have well described roles in angiogenesis (29, 48 -50) . A third scenario is that currently unidentified adaptor proteins confer specific presentation of adiponectin to a receptor, thereby pro-viding different functionalities. One likely candidate for this role is T-cadherin, a glycosylphosphatidylinositol-anchored adiponectin-binding protein. T-cadherin localizes hexameric and high molecular weight adiponectin to cardiovascular tissues, and its expression is essential for the protective actions of adiponectin in these depots (17, 42) . Similar to the results presented here with AdipoR2, we have previously reported that mice lacking T-cadherin display impaired revascularization after hind limb ischemia that cannot be rescued by administration of adiponectin protein (17) . Here, we report that T-cadherin displays relatively high expression in aorta, consistent with a vascular role. Thus, we speculate that T-cadherin presents high molecular weight adiponectin to AdipoR2 on endothelial cells to promote revascularization under conditions of ischemic stress. Interacting partners for AdipoR1 have been recently identified and include caveolins 1 and 3 (51, 52) . Future studies are required to clarify these complex adiponectin receptor-mediated signaling mechanisms and how they may influence physiological outcomes.
In both mouse models of peripheral artery disease and metabolic dysfunction, the phenotypes of AdipoR2-KO mice and AdipoR1-KO mice, respectively, are much more severe compared with that of adiponectin deficiency. In other words, the receptor deficiency has a greater phenotypic effect than the ligand deficiency. In the model of hind limb ischemia, adiponectin-deficient mice have impaired blood flow recovery but rarely develop necrosis, whereas foot necrosis occurred in almost three-quarters of AdipoR2-KO mice tested. It is possible that the in vivo consequences of adiponectin deficiency are diminished by a compensatory mechanism involving the upregulation of other anti-inflammatory adipokines. Although termed adiponectin receptors 1 and 2, these transmembrane proteins may have adiponectin-independent actions. For example, AdipoR1 or AdipoR2 may have constitutive functions or bind other ligands in addition to adiponectin. The C1q/TNFrelated proteins (CTRPs) share structural and functional similarity with adiponectin. A recent in vitro study found that expression of AdipoR1 is important for the actions of C1q/ TNF-related proteins in endothelial cells (53) .
Although metabolic dysfunction is a strong risk factor for peripheral artery disease and other cardiovascular diseases, drugs that improve metabolic function have either failed to improve or worsen cardiovascular outcomes. For instance, clinical trials with TZDs have shown that their ability to lower glucose is generally uncoupled from a reduction in the risk of cardiovascular disease, as would be expected from improved glycemic control (54 -56) . Because TZDs work in part through their ability to modulate adiponectin expression (6, 33, 37, 38) , our findings of distinct roles for adiponectin receptors 1 and 2 in models of ischemia and obesity may provide a molecular framework to understand aspects of the complex interplay between these co-morbidities.
Using identical mouse strains in side-by-side experiments of ischemic repair and diet-induced obesity, our results show for the first time that AdipoR1 and AdipoR2 have divergent roles in mediating revascularization and metabolic function in vivo. These experiments set the stage for future studies aimed at dissecting the mechanistic details that can account for the differential regulation conferred by AdipoR1 and AdipoR2.
